Receptor tyrosine kinases (RTK) and the tumor suppressor PTEN co-regulate oncogenic cell signaling pathways. How these interactions influence gene transcription is inadequately understood. We used expression microarrays to investigate the effects of PTEN on gene expression changes caused by activating c-Met in human glioblastoma cells. c-Met activation by scatter factor/hepatocyte growth factor (SF/HGF) altered the expression of 27-fold more genes in PTEN-null U-373MG cells than in PTEN homozygous primary normal human astrocytes (523 vs 19 genes). Restoring wt-PTEN in U-373MG cells dramatically altered patterns of c-Met regulated gene expression. This effect was varied depending on the specific gene in question. PTEN reduced the number of c-Met regulated transcripts from 931 to 502, decreased the relative number of genes upregulated by c-Met from 46 to 25%, and increased the relative number of downregulated genes from 54 to 75%. PTEN and c-Met co-regulated many genes involved in cell growth regulation such as oncogenes, growth factors, transcription factors, and constituents of the ubiquitin pathway. c-Met activation in PTEN-null (but not PTEN reconstituted) cells led to upregulation of the EGFR agonist TGFa and subsequently to EGFR activation. Using PTEN mutants, we found that PTEN's transcriptional effects were either lipid-phosphatase dependent, protein-phosphatase dependent, or phosphataseindependent. These results show that PTEN has critical and mechanistically complex effects on RTK-regulated gene transcription. These findings expand our understanding of tumor promoter/suppressor inter-relationships and downstream transcriptional effects of PTEN loss and c-Met overexpression in malignant gliomas.
Introduction
Oncogenes and tumor suppressors represent key steps in the regulatory pathways controlled by soluble growth factors. The activation of oncogenes or inactivation of tumor suppressors leads to the dysregulation of growth regulatory pathways and malignant progression. Many oncogenes are tyrosine kinases that, when activated, trigger downstream phosphorylation cascades that mediate their functions. The phosphorylation of signal transduction molecules is regulated by phosphatases that can function as tumor suppressors. The deregulation of interactions between kinases and phosphatases therefore plays an important role in tumor formation, growth and metastasis.
The proto-oncogene product and tyrosine kinase receptor c-Met and the tumor suppressor phosphatase PTEN are representatives of the tyrosine kinase/ phosphatase and oncogene/tumor suppressor regulatory systems. c-Met is activated by its only known ligand scatter factor/hepatocyte growth factor (SF/HGF). cMet and SF/HGF are expressed in a large variety of normal human tissues where they mediate epithelial/ mesenchymal interactions and play important roles in morphogenesis, organogenesis and tissue regeneration (DiRenzo et al., 1991) . c-Met and SF/HGF have also been linked to oncogenesis and malignancy in a wide variety of neoplasms. c-Met and SF/HGF are frequently overexpressed or mutated in human tumors including gliomas where they promote malignant progression by inducing cell cycle progression, tumor cell migration, tumor angiogenesis and cell survival (Rosen et al., 1996; Jeffers et al., 1997; Koochekpour et al., 1997; Laterra et al., 1997; Abounader et al., 1999 Abounader et al., , 2002 Bowers et al., 2000; Birchmeier et al., 2003) . PTEN is a tumor suppressor protein that possesses lipid and protein phosphatase dependent as well as phosphatase-independent activities (Steck et al., 1997; Stambolic et al., 1998; Wu et al., 1998; Gu et al., 1999; Maier et al., 1999; Leslie et al., 2001) . PTEN also binds to p53 and regulates its function (Stambolic et al., 2001) . PTEN is mutated in various human neoplasms including high-grade gliomas Wang et al., 1997; Sano et al., 1999) . Reintroduction of PTEN to mutant cells can inhibit tumor growth by suppressing proliferation and promoting tumor cell apoptosis (Cheney et al., 1998) .
Besides their generally opposing effects on tumorigenicity and malignant progression, there is evidence of direct interactions between SF/HGF:c-Met and PTEN at the second messenger cell signaling level. The best documented is the lipid phosphatase-dependent antagonistic effect of PTEN on phosphatidylinositol-3-kinase (PI 3-kinase), which is a prominent component of the signaling cascades activated by c-Met (Maehama and Dixon, 1998; Wu et al., 1998) . PTEN protein phosphatase is also able to dephosphorylate the p52 isoform of Shc, thus inhibiting the recruitment of the Grb2 adaptor to activated c-Met receptors and the subsequent activation of the MAP kinase cascade, another important downstream effector of c-Met (Gu et al., 1999; Xiao et al., 2001) . PTEN protein phosphatase could theoretically dephosphorylate other signaling molecules downstream of c-Met. PTEN also possesses phosphatase-independent activities that, while less-well characterized, might alter other receptor tyrosine kinase-dependent actions (Maier et al., 1999; Leslie et al., 2001; Raftopoulou et al., 2004) . c-Met and PTEN affect glioma malignancy either directly via associated cell signaling and/or indirectly by changing the expression of neoplasia regulating genes through changes in expression levels of transcription factors. Transcription factors known to be affected by SF/HGF include AP-1, c-Myc, Ets-1, NFk-b and HIF-1a. We and others have shown that PTEN inhibits c-myc induction, NFk-b and HIF-1 transcription factors. PTEN and receptor tyrosine kinases (RTK) can therefore coregulate the expression of numerous genes by regulating the same second messengers and transcription factors.
Little is known of the detailed interactions and interdependencies between c-Met and PTEN in human brain tumors. Gene expression coregulation by c-Met and PTEN in human gliomas, indeed in any biological system, has not been adequately explored. In the present study, we used DNA microarrays to comprehensively investigate the effects of PTEN on SF/HGF-mediated gene expression changes in human glioblastoma cells. We found that SF/HGF alters the expression of substantially more genes in PTEN-null glioblastoma cells than in normal human astrocytes (NHA) that express wild-type PTEN. Furthermore, reconstitution of wild-type PTEN in PTEN-null glioblastoma cells dramatically changes SF/HGF-induced gene expression profiles in a complex manner involving phosphatasedependent as well as phosphatase-independent activities. We conclude that PTEN has critical and heterogeneous effects on receptor tyrosine kinase regulated gene expression in tumor cells.
Results

SF/HGF alters the expression of many more genes in glioblastoma cells than in normal astrocytes
We used Incyte gene microarrays to compare the effects of SF/HGF on gene expression profiles in NHA and U-373MG human glioblastoma cells. NHA and U-373MG cells were treated with SF/HGF prior to mRNA extraction and hybridization to microarrays chips as described in the Materials and methods section. SF/ HGF altered the expression of 523 genes in U-373MG cells (314 genes were upregulated and 209 genes downregulated). In contrast, SF/HGF only changed the expression of 19 genes in primary normal human astrocytes (10 genes were upregulated and nine genes were downregulated) (Table 1a ). We and others have shown that NHA express c-Met mRNA and protein and that treatment of the cells with SF/HGF leads to c-Met, MAPK and Akt phosphorylation, indicative of a functional c-Met receptor in these cells (Figure 1a ) (Koochekpour et al., 1997) .
PTEN alters SF/HGF-regulated gene expression profiles
Gene transfer experiments frequently lead to artificially high expression of the transgenic protein. This can lead to unphysiological effects that do not reflect normal functions. To exclude this possibility for our conditions of PTEN restoration used for microarray experiments, we compared transgenic PTEN protein levels achieved in U-373MG cells infected with PTEN-expressing adenoviruses to endogenous PTEN levels in NHA using immunoblotting. Levels of transgenic PTEN protein in U-373MG cells were of comparable magnitude to the levels of endogenous PTEN found in NHA cells (Figure 1b) . We hypothesized that the markedly different gene expression response to SF/HGF in NHA and U-373MG cells was due, in part, to the absence of functional PTEN protein in U-373MG glioma cells. Therefore, we examined the effect of reconstituting wild-type PTEN on SF/HGF induced gene expression in U-373MG cells. PTEN was reconstituted to U-373MG cells by infection with PTEN-expressing adenoviruses (Ad-PTEN), while controls were infected with control adenoviruses (Ad-control). Cells were then treated with SF/HGF upregulated and 148 were downregulated). Of these 297 genes, only 33 were identical to genes found to be co-regulated by PTEN and SF/HGF as described above. Thus, the effects of PTEN reconstitution on baseline gene expression cannot account for the coregulatory effects of PTEN on SF/HGF induced gene expression regulation.
PTEN has been described to promote cell death and inhibit cell proliferation under certain conditions. To determine if the gene expression changes induced by PTEN restoration could be secondary to such effects, we reconstituted PTEN to U-373MG cells under the same conditions used for the microarray experiments and analysed the cells for viability with trypan blue staining and for cell proliferation with flow cytometry and cell counting. Compared to control transfected cells, PTEN did not significantly alter cell viability (94 vs 91% viable cells in control and PTENrestored cells, respectively) nor did it inhibit cell proliferation (not shown). 
Identity of gene products coregulated by SF/HGF and PTEN
Many of the genes found to be coregulated by SF/HGF and PTEN are related to neoplastic processes. Examples include genes coding for various oncogenes, growth factors, cell signaling molecules, transcription factors, proteasome/ubiquitination enzymes, and other gene products that regulate cell cycle, apoptosis, cell migration and invasion ( Table 2 ). The predominant trend was for PTEN restoration to downregulate SF/HGF-induced tumor promoting genes and to upregulate expression of tumor inhibitory genes. In fewer cases, PTEN restoration led to the opposite.
A number of genes were found to be coregulated by PTEN and SF/HGF in patterns suggesting functional co-dependencies in contributing to the glioma malignant phenotype (Table 2) . Among these are the EGFR agonists TGF-alpha and diphtheria toxin receptor. These genes were induced by SF/HGF in PTEN null cells and induction was inhibited by PTEN restoration. This suggests that in PTEN-null cells, SF/HGF could also enhance malignancy by activating the EGFR pathways. Another gene induced by SF/HGF in Figure 3 .
Induction of TGF-a expression by SF/HGF in PTEN-null cells leads to activation of EGFR
One of the genes, the expression of which was induced by SF/HGF in PTEN-null U-373MG cells is the EGFR agonist TGF-a. To address the functional relevance of TGF-a upregulation, we studied the effects of SF/HGF and PTEN on EGFR activation. The time course of TGF-a mRNA induction by SF/HGF was first established using Northern hybridization (Figure 4a ). TGF-a mRNA was induced by SF/HGF in a time-dependent manner reaching a maximum B10-fold increase at 24 h. EGFR activation was then assessed by quantifying receptor phosphorylation at tyrosine 1068 by immunoblotting. Treatment of PTEN-null U-373MG cells with SF/HGF led to the delayed phosphorylation of EGFR at tyrosine 1068 at 24 h (Figure 4b ). Restoration of PTEN to U-373MG cells prior to SF/HGF treatment led to a substantial inhibition of EGFR phosphorylation (Figure 4c ). These findings show that cMet activation in PTEN-null glioma cells leads to induction of EGFR agonist expression and subsequently to EGFR activation.
PTEN modulates SF/HGF-mediated gene expression changes through phosphatase-dependent and phosphatase-independent activities
We used PTEN mutants and Northern analysis to determine if PTEN affects SF/HGF-regulated gene expression via lipid phosphatase-dependent, protein phosphatase-dependent, or phosphatase-independent mechanisms. PTEN, lipid phosphatase mutant (G129E), phosphatase dead mutant (C124A) or control were restored to U-373MG cells by infection with corresponding adenoviruses (Ad-PTEN, Ad-G129E, Ad-C124A or control). The cells were subsequently treated with SF/HGF and total RNA was extracted. RNA was then subjected to quantitative Northern analysis using radiolabeled cDNA probes. The results show that PTEN affects SF/HGF-induced gene expression changes through heterogeneous mechanisms. Transcriptional regulation was found to require lipid phosphatase, protein phosphatase and phosphataseindependent domains depending on the specific gene examined. In the case of some genes, for example matrix Gla, PTEN inhibited the transcriptional effect of SF/HGF on this gene while the lipid phosphataseand phosphatase-dead PTEN mutants had no effect ( Figure 5 ). This shows that PTEN lipid phosphatase is required for modulating the SF/HGF-mediated change in matrix Gla gene expression. In the case of other genes, for example CYR61, PTEN inhibited SF/HGFmediated induction of expression, an effect that was absent in response to the phosphatase-dead mutant and accentuated in response to the lipid phosphatase-dead mutant ( Figure 5) . Thus, the effect of PTEN on SF/ HGF-dependent regulation of CYR61 expression involves a protein phosphatase-dependent component, the Figure 3 Northern verification of gene expression changes found by microarray analysis. U-373MG cells were infected with Ad-PTEN or Ad-control prior to treatment with 10 ng/ml SF/HGF. Total RNA was isolated and subjected to quantitative Northern hybridization using radiolabeled cDNA probes for specific genes relative to 28S rRNA expression levels. 
Discussion
Loss of the tumor suppressor PTEN concurrent with the upregulation of receptor tyrosine kinase pathways such as those linked to c-Met and EGFR are associated with malignant glioma formation. These molecular and biochemical changes influence the tumor cell phenotype through post-translational mechanisms and downstream effects on gene expression regulation. The recent interest in developing receptor tyrosine kinase and PTEN-based cancer therapeutics requires a better understanding of how PTEN modulates the downstream transcriptional effects of receptor tyrosine kinase activation. This is the first study that analyses how PTEN and receptor tyrosine kinase-dependent pathways interact to alter gene expression profiles and gene expression regulation in a malignant neoplasm (i.e. human glioblastoma), indeed in any biological system. The results show an intricate and complex interdependency between PTEN and c-Met tyrosine kinase dependent pathways in coregulating gene expression changes. Although PTEN was found to have heterogeneous effects on SF/HGFinduced gene expression changes, it predominantly blunted SF/HGF effects on gene expression. This is consistent with our finding that SF/HGF alters the expression of many more genes in PTEN-null glioblastoma cells than in PTEN positive primary human astrocytes. The results also demonstrate that PTEN acts on receptor tyrosine kinase-dependent gene expression changes in a heterogeneous manner involving phosphatase-dependent and phosphatase-independent modes of action in a gene-specific manner. The study shows that the combined effects of PTEN loss and SF/HGF:c-Met overexpression likely contribute to malignancy by co-regulating the expression of neoplasia regulating genes. The effects of manipulating receptor tyrosine kinase dependent pathways in gliomas could vary depending on the PTEN status of the cells in question and vice versa.
DNA microarray studies can yield a high frequency of false positive and/or nonspecific results. To avoid this potential problem and insure a high level of validity and reliability of the differential gene expression results, our experimental design and data analysis followed very stringent criteria. All cell treatments and microarray hybridizations were performed in duplicate and only genes that were significantly changed in both experiments were considered for further analysis. To determine significance, the stringent z-score cutoff >3 or expression ratio >2 were chosen. The expression changes of a subset of genes were also verified by quantitative Northern analysis and the results corresponded well to the changes seen after microarray analysis, confirming the reliability and validity of our data analysis approach. Furthermore, the specific gene expression changes induced by PTEN reconstitution could not be the result of changes in cell growth or viability since no such effects were observed under our experimental conditions. Importantly also, the heterogeneous effects of PTEN mutants in regulating the SF/HGF-induced expression of single genes is a strong indication of a selective action of PTEN at various levels of the signaling cascade downstream of c-Met activation. We have also excluded another potential artificial effect of PTEN restoration that could originate from unphysiologically high reconstituted PTEN levels. Using Western blotting we found that transgenic PTEN protein levels achieved in U-373MG cells infected with adenoviral titers identical to those used for microarray experiments were comparable to PTEN protein levels found in normal human astrocytes. PTEN restoration changed c-Met dependent gene expression in a complex and heterogeneous manner. This response could be explained by the differential actions of PTEN's distinct functional domains upon multiple regulatory elements of the signaling cascades and transcription factors downstream of c-Met. PTEN possesses lipid phosphatase dependent, protein phosphatase dependent and phosphatase-independent activities that potentially modulate c-Met-dependent signaling at multiple levels. It is well known that PTEN lipid phosphatase antagonizes the effect of SF/HGF on PI 3-kinase, which plays an essential role in c-Metdependent cell signaling. PTEN also binds and dephosphorylates the p52 isoform of Shc. This protein phosphatase-dependent action of PTEN inhibits the recruitment of the Grb2 adaptor and the subsequent activation of the MAP kinase cascade, another key mediator of the malignant effects induced by activation of c-Met (Xiao et al., 2001) . Shc directly interacts with the c-Met substrate Gab1. Gab1 associates directly with c-Met via a c-Met-binding domain that is distinct from other known phosphotyrosine-binding domains (Schaeper et al., 2000) . The interactions of PTEN with PI 3-kinase and MAPK pathways, which mediate c-Met signal transduction, could explain the large number of genes that are co-regulated by PTEN and c-Met. It is also possible that PTEN interacts with other signaling molecules downstream of c-Met though its phosphatases or phosphatase-independent activities. PTEN's effects on c-Met-dependent gene expression are not due to a direct inhibition of c-Met receptor activation. In fact, PTEN restoration to U-373MG cells did not affect SF/HGF-induced c-Met phosphorylation (not shown).
Many neoplasia-related genes were co-regulated by PTEN and SF/HGF. In the absence of PTEN, SF/HGF frequently induced the expression of malignancypromoting genes or inhibited the expression of anticarcinogenic genes. Restoration of PTEN generally blunted or reversed these effects. This trend predicts that the tumor promoting gene expression effects of SF/HGF:c-Met overexpression would be amplified by PTEN loss. Thus, the gene expression effects of combined PTEN loss and SF/HGF:c-Met overexpression could also partly explain the association of these two events with the progression of low-grade gliomas to high-grade glioblastoma (Rosen et al., 1996; Koochekpour et al., 1997; Davies et al., 1999) . In fewer cases, PTEN amplified the gene expression effects of SF/HGF indicating a more complex interaction in gene expression regulation. For some genes, PTEN reconstitution also unmasked SF/HGF-induced transcriptional changes that were not seen in PTEN null cells. Fewer neoplasia-related genes were in this category consistent with the normal cell regulatory functions of SF/HGF and c-Met in PTEN wildtype cells. A more detailed analysis of the biological significance of various potentially interesting genes that are co-regulated by PTEN and c-Met could therefore help understand the molecular and cellular changes that underlie glioblastoma and other malignant neoplasms.
One such analysis was conducted for the EGFR agonist, TGFa. We found that TGFa expression was induced by SF/HGF in U-373MG cells and that this Figure 5 PTEN regulates SF/HGF-mediated gene expression changes through phosphatase-dependent and phosphatase-independent mechanisms. U-373MG cells were infected with either Ad-PTEN, Ad-G129E (lipid phosphatase-dead), Ad-C124A (phosphatase-dead) or Ad-control prior to treatment with 10 ng/ml SF/HGF. Total RNA was isolated and subjected to quantitative Northern hybridization using radiolabeled cDNA probes for specific genes relative to 28S rRNA expression levels. The results show examples of genes that are regulated by PTEN lipid phosphatase (Matrix Gla), protein phosphatase (CYR61) and phosphatase-independent (Rabkinesin 6) domains of PTEN. Results are expressed as percent change of mRNA expression induced by SF/HGF relative to untreated control
Regulation of c-Met-dependent gene expression by PTEN R Abounader et al induction is inhibited by PTEN restoration. Interestingly, SF/HGF led to the phosphorylation and therefore activation of EGFR at tyrosine 1068 in the same cells prior to (but not after) PTEN restoration. Activation of tyrosine 1068 is known to lead to activation of the MAPK and PI3K pathways via recruitment of Grb2 and Gab1. We have therefore established a transcriptionally dependent link between the c-Met and EGFR receptor tyrosine kinase pathways. EGFR could contribute to SF/HGF-induced malignancy especially in the setting of PTEN loss. The above provides an interesting example of the intricate co-regulatory effects of SF/ HGF and PTEN on the genotype and malignant phenotype of gliomas.
In conclusion, this first comprehensive report gives insight into the intricate and complex role and modes of actions of PTEN in regulating the transcriptional effects of c-Met and possibly also other RTK. It shows that combined PTEN loss and SF/HGF:c-Met overactivation that occur in high-grade gliomas and other solid neoplasms can contribute to their malignant phenotype by amplifying the induction of tumor promoting genes and inhibiting tumor suppressor genes. Our findings indicate that the effects of manipulating receptor tyrosine kinase dependent pathways for therapeutic and other purposes will likely depend on the PTEN status of the target cells.
Materials and methods
Adenovirus construction
Wild-type PTEN and PTEN phosphatase mutants were expressed in PTEN-null U-373MG cells using replicationdefective adenoviral expression vectors. Adenoviruses with wild-type PTEN (Ad-PTEN), lipid phosphatase-dead PTEN (Ad-G129E), lipid-and protein phosphatase-dead PTEN (Ad-C124A), and control adenovirus (Ad-control) were constructed according to Vogelstein and co-workers (He et al., 1998) . PTEN, G129E, and C124A transgenes were a kind gift from Dr Kenneth Yamada, (NIH) (Gu et al., 1999) . All adenoviruses co-expressed GFP. Adenoviruses were amplified, purified and titered by the University of Pittsburgh Vector Core Facility. Viral titers as determined by plaque formation assays were B10 10 pfu.
Cell treatments
PTEN-null U-373MG human glioblastoma cells were grown to B40% confluency in Dulbecco's modified essential medium supplemented with 1 g/l glucose, L-glutamine, 10% fetal bovine serum (FBS) and 20 mM HEPES (pH 7.4). Primary normal human astrocytes (NHA) were purchased from Cambrex Bio Science Walkerville, Inc. Cells were grown in Astrocyte Basal Medium supplemented with 0.1% rhEGF, 0.25% insulin, 0.1% ascorbic acid, 0.1% GA-1000, 0.1% L-Glutamine and 3% FBS. For Incyte microarrays, U-373MG and NHA cells were grown to B40% confluency before being transferred to medium containing 0.1% FBS overnight. The cells were then treated with or without 10 ng/ml recombinant SF/HGF (a kind gift from Genentech Inc.) for 24 h. mRNA was subsequently isolated using Oligotex-dt mRNA kit (QIAGEN; Valencia, CA, USA) and sent to Incyte Genomics Inc. for hybridization. For Affymetrix microarrays, U-373MG cells were grown to B40% confluency, transferred to medium containing 0.1% FBS and infected with either Ad-PTEN, Ad-129E, Ad-124A, or Ad-control adenoviruses (MOI ¼ 10). After 24 h, the cells were treated with 10 ng/ml recombinant SF/HGF or medium only as control. After an additional 24 h, total RNA was isolated using the RNeasy TM Mini Kit (QIAGEN; Valencia, CA, USA) following the manufacturer's instructions. RNA was then used for hybridization to Affymetrix microarray chips, or for Northern analyses using radiolabeled cDNA probes as described below.
For the evaluation of EGFR phosphorylation, U-373MG cells were infected with Ad-control or Ad-PTEN prior to treatment with SF/HGF for 24 h as described before, except that phenyl arsene oxide (200 nM) was added to the cells 30 min prior to collection to prevent dephosphorylation of the eventually phosphorylated receptor. Cell extracts were isolated as previously described (Abounader et al., 2001 ) and subjected to quantitative immunoblotting as described below.
Gene microarray hybridization
Incyte gene microarrays (containing B9000 genes/chip) were originally used to compare the effects of SF/HGF on gene expression profiles in NHA and U-373MG human glioblastoma cells. Microarray hybridizations were conducted by Incyte Genomics Inc., according to the company's standardized protocols. For Affymetrix gene chips (containing B21 000 genes/chip), hybridizations were conducted according to the Affymetrix specifications. Briefly, 5 mg of total cellular RNA were used to synthesize double-stranded cDNA and biotinylated antisense cRNA was generated through in vitro transcription. In total, 10-mg of total fragmented cRNA were then hybridized to the Affymetrix human genome GeneChip array U95Av2. Ultimately, fluorescence was detected using the Hewlett-Packard G2500 GeneArray Scanner and image analysis was performed with the Micro Array Suite 5.0 software from Affymetrix, using the standard statistical default settings. For comparison between different chips, global scaling and scaling of all probesets to a user-defined target intensity (TGT) of 150 was used. To assess hybridization and GeneChip image quality we studied the following parameters: scaling factor, background, percentage of present calls, housekeeping genes (3 0 /5 0 ratios of GAPDH), and presence or absence of internal spike controls. The quality of replicate hybridizations was assessed by examining the percentage of differential calls (up-or downregulated) between pairwise comparisons. All the assessed parameters were within the average range values recommended by Affymetrix for high-quality array experiments. All experiments were performed in duplicate using two Affymetrix chips for each experimental condition.
Analysis of microarray expression data
Gene expression changes induced by SF/HGF in PTEN null U-373MG cells and in U-373MG cells transfected with wtPTEN as well as in NHA cells were identified using two complementary methods. The expression of single genes was considered significant if found changed by either one of two analyses:
(1) All microarray expression data were analysed by SNO-MAD (Standardization and Normalization of MicroArray Data), a program that identifies significantly regulated genes in microarray experiments (Colantuoni et al., 2002) . This program performs a series of data conversions including global mean normalization, local background correction, logarithmic transformation of expression data in a scatter plot, local mean normalization of data, and a local variance correction to generate a list of genes that are significantly up-or downregulated. This list is provided in Z-score (standard deviation) units that reflect the position of differential gene expression relative to the distribution of all values obtained in a particular comparison. Genes showing Z-scores >3 or oÀ3 were considered significantly changed. (2) Additionally, Affymetrix expression data were subjected to pairwise comparisons among the different experimental conditions represented by the samples. Any transcript that showed at least a two-fold change in expression level between experimental sample and control sample was considered 'significant'. For duplicated samples, the results were filtered independently for significance on each of the four pairwise comparisons. Transcripts that were consistently significant in at least two of the four iterative comparisons were selected for the final candidate list.
Northern hybridization
Nothern hybridization was used to verify microarray data for a subset of transcripts and to examine the influence of lipidphosphatase-dead and total phosphatase-dead PTEN mutants on SF/HGF-induced gene expression changes. To synthesize cDNA's for specific genes, oligonucleotide primers were designed to amplify a 400-800 bp region of the gene's mRNA. RT-PCR was conducted using U-373MG RNA as a template and PCR products were subcloned in TOPO PCR cloning vectors (Invitrogen) and sequenced prior to use. Northern blot analysis was performed with 32 P-labeled cDNA probes as previously reported (Abounader et al., 2001) . Radioactivity was quantified by densitometry and by phosphorimaging using the Bio-Imaging analyser BAS 2500 (Fuji Medical Systems; Stamford, CT, USA). All blots were stripped and then rehybridized with cDNA specific for 28S rRNA. Results are expressed relative to 28S rRNA.
Immunoblotting
Protein levels of phospho-EGFR and total EGFR in glioma were analysed by immunoblotting. Immunoblotting was performed as previously described (Abounader et al., 2001) using antibodies specific for phospho(1068)-EGFR and total EGFR (Cell Signaling Technologies). Signals were quantified by densitometry (Molecular Dynamics, Sunnyvale, CA, USA) and expressed as phospho-EGFR relative to total EGFR.
